In Drosophila, the visceral mesoderm giving rise to gut musculature is specified by the bagpipe homeobox gene. We have isolated, from both mouse and human, homologues of the bagpipe gene designated Bapxl and BAPX1, respectively. Bapxl encodes a predicted protein of 333 amino acids, and has significant regions of homology outside the homeodomain with members of the NK homeobox gene superfamily. Bapxl maps to the proximal end of chromosome 5 in mouse, near the Msxl gene. The syntenic region in human corresponds to a chromosomal region containing loci for several skeletal disorders. Bapxl is first detectable in embryos just prior to axis rotation in lateral plate mesoderm (splanchnic mesoderm) adjacent to the endodermal lining of the prospective gut, and in the most newly formed somites in the region corresponding to the presclerotome, the precursor of the vertebrae. Thus, Bapxl is one of the earliest developmental markers for the sclerotome portion of the somite and the gut mesentery. Bapxl continues to be expressed well into organogenesis in lateral plate mesoderm surrounding the mid-and hindgut, and in essentially all cartilaginous condensations which will subsequently undergo endochondral bone formation. The expression pattern of Bapxl in murine embryos suggests that there are evolutionary conserved mechanisms of visceral mesoderm development across the animal kingdom, and that the mammalian Bapxl gene may have recently acquired an additional developmental role in skeletal patterning.
Introduction
Triploblastic animals are derived during embryogenesis from three primary germ layers: ectoderm, endoderm, and mesoderm, and are represented by the major evolutionary grouping, Bilateria, which includes the phyla Vertebrata, Arthropoda and several others (Nielsen, 1995) . In the vertebrate embryo, the mesoderm arises through inductive processes, and after gastrulation it is patterned along the dorsoventral and mediolateral axes to form axial, paraxial, intermediate and lateral plate mesoderm. Lateral plate mesoderm segregates into two components, somatic and splanchnic. Subsequently, cell populations within these mesodermal domains become specified and differentiate into individual mesodermal tissues such as striated muscles, the heart, cartilage, bones, mesenchyme of the internal organs, smooth musculature, and blood. Only a few of the molecular mechanisms of these patterning and determination processes are presently known, although it has become clear that inductive signals play major roles. For example, factors of the bone morphogenetic protein family (BMPs) appear to form an activity gradient that induces the formation of ventral mesoderm, including lateral plate mesoderm and blood, whereas factors secreted from the dorsal organizer (noggin and chordin) inhibit the BMPs and thus allow formation of dorsal mesodermal tissues. Subsequent patterning events have been most extensively studied in the paraxial mesoderm (reviewed in Lassar and Munsterberg, 1994; Brand-Saberi et al., 1996) .
In Drosophila, the mesoderm is determined within the expression domains of the genes twist and snail. Both genes, which encode transcription factors of the bHLH and Zn-finger families, respectively, are critically required for mesoderm formation (Simpson, 1983; Boulay et al., 1987; Thisse et al., 1988) . twist is required for the activation of downstream regulatory genes involved in mesoderm patterning and differentiation such as the homeobox gene tinman, the MADS-domain encoding gene mef-2, and the Drosophila FGF-receptor homologue heartless (Bodmer et al., 1990; Shishido et al., 1993; Lilly et al., 1994; Nguyen et al., 1994) . Like in vertebrates, there is increasing evidence that Drosophila mesoderm patterning is largely regulated by inductive mechanisms. Indeed, two homeobox genes of the NK-family, tinman and bagpipe, were shown to be targets for inductive signals. Dpp, a Drosophila homologue of BMP2/4 that is expressed in the dorsal ectoderm, induces maintained expression of tinman in the dorsal mesoderm (Frasch, 1995) . tinman in turn is required to activate bagpipe, and there is evidence that Dpp-signaling may act in combination with tinman to allow bagpipe expression (Azpiazu and Frasch, 1993; Staehling-Hampton et al., 1994) . In addition, segmental regulators including wingless and hedgehog restrict bagpipe expression to metameric groups of cells within the dorsal mesoderm (Azpiazu et al., 1996) . Genetic data show that bagpipe is required to determine these cells as precursors of the visceral musculature of the midgut, since in embryos carrying mutations of bagpipe, the midgut musculature is reduced or completely missing (Azpiazu and Frasch, 1993) . Thus, bagpipe is the first gene shown to be required for the formation of visceral musculature. Because many homeobox genes, including members of the NK-family, have been structurally and functionally conserved during evolution (Harvey, 1996) it is conceivable that, in vertebrate embryos, genes related to bagpipe could also play a role in the development of the gut musculature. In this paper, we describe two newly isolated homeobox genes from mouse and human that appear to be homologues of the Drosophila bagpipe gene.
Results

'Zoo ' Southern analysis and cloning of the murine and human Bapxl genes from genomic and cDNA libraries
We performed a 'zoo' Southern analysis to determine if sequences related to the Drosophila bagpipe homeobox were present in species other than Drosophila. The multispecies Southern blot was probed at reduced stringency with a probe derived by PCR corresponding to just the 180 bp homeobox sequence from the bagpipe gene (Azpiazu and Frasch, 1993) . Semi-stringent washing (65°C, 2 x SSC) revealed several distinct hybridizing bands in DNAs corresponding to earthworm, sea urchin, cricket, fly, zebrafish, mouse, and human (Fig. 1) . In particular, in mouse DNA, both enzymes revealed two bands of almost equal intensity.
Four species failed to show any hybridization signal under these conditions.
A mouse 129/sv genomic phage library was screened at reduced stringency with the bagpipe homeobox probe as described above. A single phage clone remained positive after three rounds of screening. A 0.75 kb PstI fragment containing the homeobox was subcloned and sequenced and the predicted amino acid sequence was shown to be 87% identical to the bagpipe homeodomain (Figs 2 and   3 ). The 0.75 kb PstI genomic fragment was used as probe to screen two independent platings of an Ell.5 murine cDNA library. Two phages containing the Bapxl cDNA were isolated. The longest open reading frame obtained from the cDNAs spanned from AA42 to AA333 of the predicted Bapxl coding region (Fig. 2) . The remaining amino acids at the predicted N-terminus were obtained from genomic DNA contiguous with the end of the cDNA sequence, which included the conserved TN-domain (Harvey, 1996) .
Only one predicted open reading frame contained all three (TN, homeodomain, and NK2-SD) conserved domains (Harvey, 1996) . This novel homeobox gene locus was designated Bapxl (bagpipe homeobox gene 1) by the International Committee on Standardized Genetic Nomenclature for Mice, Jackson Laboratory, Bar Harbor, ME, USA.
The genomic organization of the Bapxl gene was determined by analyzing the genomic phage DNA by restriction enzyme mapping, Southern blotting, and DNA sequencing (Fig. 3) . In an effort to generate a physical map of the Bapxl genomic region we screened arrayed genomic mouse P 1 and BAC libraries at high stringency, using probe fragments (lacking the homeobox) which were isolated from the genomic phage DNA (Fig. 3A) . Three independent P1 and five independent BAC clones were isolated and analyzed by Southern blotting. The assembly of the contig is currently in progress. Southern blot analysis of genomic phage and BAC clones revealed that all clones contain a 6.3 kb BamHI fragment and an 8.2 kb HindlII fragment (containing the homeobox) that are equivalent in size to the largest of the two BamHI and HindlII bands revealed in murine genomic DNA by reduced stringency hybridization with the bagpipe homeobox probe (Fig. 1) . The human Bapxl homologue was isolated by screening a human genomic placental phage library as described in Section 4. A single human phage was isolated which corresponded to Bapxl (Fig. 2) .
DNA sequence analysis of a subclone from the human phage showed it to contain a homeobox which encodes a homeodomain and flanking protein sequences identical at the amino acid level to murine Bapxl. Consequently, the human gene has been designated BAPX1 (Fig. 3B ). I  I  I  I /   I  I  I  I  I  I  I  I  !  I  I  I  I trypane a r t Xbap (Newman et al., 1997) from Xenopus (Fig. 3) . The next most closely related homeodomains are Nkx3.1 (mouse) and Pnbap (Polycelis nigra, planar|a), which both have 78% homology with bagpipe (Fig. 3B ). Since no hybridization signal was seen in planar|an DNA in our low-stringency Southern blot ( Fig. 1) , it is likely that 78% homology is insufficient to give a detectable hybridization signal under these conditions. Protein sequence alignment identified a conserved region (LTPFSIQAILN) near the N-terminal region of the predicted protein sequence, which has been referred to as the TN-domain (Harvey, 1996) (Figs. 2 and  3C ). In addition, there is another conserved domain (NK2-SD) located C-terminal to the homeobox (Boxed in Fig. 2) which has been identified in a number of genes of the NK superfamily (Harvey, 1996) . Currently the function of these conserved domains remains unknown. DNA sequence analysis of both the genomic and cDNA clones allowed us to determine the Bapxl exon-intron organization. Bapxl is comprised of two exons separated by a small (1.3 kb) intron, with the TN-domain located in the first exon, and the homeodomain and NK2-SD domain located in the second exon ( Figs. 2 and 3A ).
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Murine chromosomal mapping of Bapxl and flanking genes
Using a 2.0 kb XbaI genomic fragment from the Bapxl phage as a probe, we identified a HindIII restriction fragment length polymorphism (RFLP) between C57BL/6 and mus spretus genomic DNA. The probe detected a 10 kb and a 4.8 kb HindIII band in C57BL/6 and mus spretus genomic DNA, respectively. The 10 kb HindlII band was used to follow the segregation of the Bapxl allele in 94 N2 progeny of a (C57BL/6J x SPRET/Ei) F1 females x SPRET/Ei males backcross (Rowe et al., 1994 Msxl locus (Fig. 4, left) . This backcross panel (BSS2) has been mapped with 154 different markers on chromosome 5.
The Bapxl locus is flanked on either side by markers whose homologues in human map to the 7q36 and 4p16 region, suggesting that the human homologue of Bapxl may also map to one of these regions (Fig. 4, left) . Since the Bapxl (Harvey, 1996) are boxed.
locus falls within the region of chromosome 5 that had been shown to contain the transgene insertion mutation which results in novel vertebral kinky tail phenotype designated TgN(Imusd)370Rpw (Schrick et al., 1995) , we decided to map this locus on the BSS2 panel. The TgN(lmusd)370Rpw locus was mapped on a XbaI digest of the BSS2 backcross panel using probe C (Schrick et al., 1995 TgN(Imusd)370Rpw integration site has been determined (Schrick et al., 1995) , and this sequence is not present within 
Northern blot analysis of Bapxl expression in embryos and wholemount RNA in situ analysis of Bapxl expression during embryogenesis
To determine the size and temporal distribution of the on embryonic RNAs from different stages of development. In E11.5 embryo poly(A)+ RNA one distinct transcript of -2.7 kb was detected (Fig. 5) . No Bapxl transcript was detected in E7.5 embryos in agreement with our RNA in situ observations. The size of the Bapxl transcript is larger than the size of the cDNA sequence we identified (Fig. 2) .
Since we did not identify the Bapxl polyadenylation signal in the 3' untranslated portion of our cDNA clones, it is likely that the difference in size is represented by an additional untranslated sequence present in the Bapxl transcript as well as the polyA tail.
Bapxl transcript distribution during embryonic development was analyzed by RNA in situ hybridization in wholemount and sectioned embryos between the stages of E7.5 and E16.5. In wholemount embryos, expression of Bapxl became clearly detectable from E8.0-E8.5, where a signal was seen in lateral plate mesoderm (splanchnic) adjacent to the endoderm of the prospective gut, and faintly in the second or third most recently condensed somite (Fig. 6A-C) .
No expression of Bapxl was seen in the presomitic mesoderm, or in the most newly formed somite. Bapxl expression was detectable above background levels in more rostral somites, and the intensity increased with somite age, such that a rostrocaudal gradient of expression is observed in older embryos, with expression being stronger in more rostral (hence developmentally older) regions (Fig. 6A-F) . The expression of Bapxl in somites appears to be coincident with Pax1 (Fig. 6D,G,H,J) , but Bapxl differs from Pax1 in being expressed in lateral plate mesoderm adjacent to gut endoderm (Fig. 6F,I ,L), and being absent from the branchial arches of E9.5 embryos (Fig. 6E-H) .
In El0.5 wholemount embryos Bapxl expression was seen in the same regions as at earlier stages, and in addition, now shows a new discreet patch of expression on the inferior face of the mandibular portion of the first branchial arch (Fig. 7B, arrowhead) . Expression in this region (which corresponds to the precursor of Meckel's cartilage) increases with age through El3.0 and then subsides (Fig. 7D,F-H) .
The distribution of Bapxl transcripts in E9.5-E10.5 embryos shares many similarities with two other markers of the embryonic skeleton, Col2al and Pax1 (Andrikopoulos et al., 1992; Bailing et al., 1996) . In E9.5 and El0.5 embryos, Co12al transcripts are detectable in the somites (arrow, Fig. 7F,I ) and the craniofacial region (small arrowhead, Fig. 7F,I ) and in the apical ectodermal ridge of the limb bud. In El0.5 embryos, Pax1 expression is seen in the sclerotome and the base of the forelimb bud (Fig. 7C) . In E14.5 embryos, Bapxl transcripts are seen in the prevertebral column (arrowhead, Fig. 7J ) and in the developing digits of the fore and hind limbs (arrows, Fig. 7J,K) .
RNA in situ analysis of Bapxl expression in sectioned embryos
Analysis of Bapxl expression in sectioned embryos was examined between the stages of E7.5 and E16.5. No expression of Bapxl was detected prior to the formation of somites. In E8.0-E8.5 embryos, the earliest expression of Bapxl is seen in the second or third most recently formed somite and in lateral plate mesoderm overlying the future gut endoderm (Fig. 8A,B) . During rotation of the embryo, strong Bapxl expression is seen in the lateral plate mesoderm that folds to surround the epithelium of the gut (Fig.  8C-F) and in the sclerotome portion of the somite (Fig. 8E-H ). The expression of Bapxl in the lateral plate mesoderm and in the somites follows a rostrocaudal gradient of intensity, with more rostral (developmentally older) regions showing greater intensity than more caudally positioned structures. By E9.5, a novel domain of Bapxl expression is seen in the branchial arches (Fig. 8I-L) , with greatest intensity seen in the inferior portion on the first branchial arch (arrow in Fig. 8L ).
Bapxl transcript distribution at El0.5 is similar to earlier stages, with the principal sites of expression being the sclerotome, gut mesoderm (gut mesentery), and the branchial arches (Fig. 9A-J) . This expression pattern persists into later stages, and by E12.5, Bapxl expression is now also detectable in the developing limbs, with expression being restricted primarily to cartilaginous condensations ( In older embryos (E14.5-E16.5) Bapxl transcripts are detected qualitatively in all the same structures as earlier stages, but by E16.5, there is quantitatively a significant decrease in the level of expression. Within the axial skeleton, expression is strongest in the most caudal prevertebrae, and has decreased significantly in more rostral prevertebrae (Fig. 10I,J) . Within the developing limbs, the expression of Bapxl is strongest in the most distal cartilaginous condensations, and decreases in a distoproximal gradient. At E16.5, the strongest expression of Bapxl in the limbs is observed in the digits (Fig. 10K,L) .
Comparison of Bapxl and other skeletal-specific expression patterns during embryogenesis
The expression pattern of Bapxl was compared in adjacent serial sections with different skeletal-specific markers.
At E9.5 Bapxl expression in tissues giving rise to the embryonic preskeleton is limited to the sclerotome portion of the somite and the first branchial arch, which will subsequently give rise to the lower jaw. Comparison of Bapxl with Pax1 shows a very similar expression pattern in the sclerotome for these two genes; however, Pax1 is absent from the first branchial arch (Fig. 11A-C) . In contrast, the Dlx5 homeobox gene (Simeone et al., 1994; Chen et al., 1996) is expressed in the distal region of the first branchial arch; thus, Dlx5 expression overlaps with Bapxl in the distal inferior portion of the first arch (Fig. 11A-D) . Comparison of Bapxl expression in transverse sections through the tails of E12.5 embryos shows a similar pattern of expression to the developmental regulatory genes Pax1 and Pax3 (Goulding et al., 1993; Koseki et al., 1993) , and to the chondrocytespecific marker, Col2al (Andrikopoulos et al., 1992) (Fig.  11E-I ). All four genes are expressed in the mesoderm surrounding the notochord, with expression highest in cells closest to the notochord, and decreasing in surrounding mesoderm with increasing distance from the notochord (Fig. 11E-I) . Expression of Bapxl was compared to Paxl, Pax3, Pax7 and Co12al in E12.5 sections (Fig. 12) . Bapxl expression closely resembles Pax1 transcript distribution, being expressed in the prevertebrae of the entire axial skeleton. Within an individual somite, Bapxl transcripts appear more densely localized in the caudal half of the somite, which may be related to the increased cell density of this region (Verbout, 1985) . Bapxl differs dramatically from Pax1 in that it is also expressed in all the cartilaginous condensations of the developing limb (Fig. 12F, G) . In addition, within the vertebral column, Pax1 expression becomes restricted to a portion of the sclerotome that will give rise to the intervertebral disc (Bailing et al., 1992) , whereas Bapxl is expressed in both the vertebral body and the intervertebral disc (Figs. 9K,L and 10A-H). Bapxl expression also differs from both Pax3 and Pax7 (Jostes et al., 1990) , which are expressed in the nervous system, and additionally in the case of Pax3, in structures derived from the dermomyotome portion of the somite (Fig. 12A-E ).
Discussion
Do all animals possess a bagpipe/Bapxl gene?
The Hox gene family is one of the most extensively studied homeobox gene families (reviewed in Duboule, 1994; Krumlauf, 1994; Lufkin, 1996) . Hox genes appear to be present in all species in the animal kingdom, and recently it has been suggested that the presence of Hox genes within a particular species' genome can be used as discriminatory criteria for the classification of that organism into the animal kingdom (Slack et al., 1993; Balavoine and Telford, 1995) . The results of our 'zoo' Southern blotting would suggest that not all species contain a bagpipe-like homologue, since species from the phyla Cnidaria and Platyhelminthes (represented by the organisms hydra and planaria, respectively) failed to show any hybridization with the bagpipe probe. This is not too surprising, since these two phyla have the most evolutionary distance from either arthropods or vertebrates (Nielsen, 1995) . A bagpipe-related gene has been identified in planaria, however, its low homology (78%) within the homeodomain indicates that it may belong to another homeobox gene family within the NK superfamily (Kim and Nirenberg, 1989; Harvey, 1996) , rather than represent a planarian bagpipe homologue. If the evolutionary conserved function of the bagpipe/Bapx family is to pattern or delineate different forms or lineages of mesoderm, it is not too surprising that no bagpipe/Bapx hybridi- 
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zation signal was seen in hydra, since it is a diblastic animal, being comprised only of ectoderm and endoderm, and lacking a mesoderm layer. Beginning with Platyhelminthes, or flatworms, all higher animals are triblastic, having a true layer of mesoderm (Buchsbaum, 1948) . The mesoderm of the flatworm is relatively unsophisticated, however, giving rise to just one type of muscle, which is used uniquely for head swaying (flatworm motility is accomplished via cilia); thus, it is not too surprising that we did not obtain a hybridization signal in Platyhelminthes, and that clear bands were seen in all higher animals that contain more specialized forms of mesoderm.
-A c t i n 
Is Bapxl a homologue of Xenopus Xbap and is it involved in a human skeletal syndrome?
Bapxl shares several regions of amino acid homology with the Xenopus Xbap gene in addition to the homeodomain (Newman et al., 1997) , raising the question of whether these two genes are homologues of one another, or simply related members of a larger Bapx family. Only a single bagpipe gene has been identified in Drosophila; thus, based upon our knowledge of the genome duplications that have transpired during the evolution of the vertebrates (reviewed in Holland et al., 1994; Sidow, 1996) , one could expect as many as four Bapx genes to exist in the mouse genome. The results of our 'zoo' blot analysis (Fig. 1) supports the hypothesis that there may be more than one Bapxrelated gene in vertebrates. Both Bapxl and Xbap show overlapping expression patterns within the developing eraniofacial region and gut mesentery; however, Xbap differs dramatically from Bapxl in that it is absent from the developing axial or appendicular skeleton. This difference is important, because based upon our RNA in situ results, the axial and appendicular skeleton is the major domain of expression for Bapxl. Because of this difference in expression patterns, it is likely that Bapxl and Xbap are closely related members of a larger Bapx gene family, rather than true homologues of one another.
The Bapxl gene maps to the proximal end of mouse chromosome 5, in a position that is syntenic to the short arm of human chromosome 4 (4p) and close to two other homeobox genes, MSX1 (Ivens et al., 1990) and HMX1 (H6) (Stadler et al., 1992) . Interestingly, there is a human skeletal dysmorphology syndrome, the Ellis-Van Creveld syndrome, which maps to the 4p16 region (Polymeropoulos et al., 1996) . This syndrome is characterized by dwarfism (most pronounced in the distal portions of the limbs), polydactyly, imperfect chondrogenesis of the wrist bones, and also septal and atrial defects of the heart (Ellis and van Creveld, 1940; McKusick et al., 1964; Polymeropoulos et al., 1996) . All of these regions (except for the heart) correspond to tissues that express Bapxl. Further information on the precise physical location of the BAPX1 gene in humans (both affected and unaffected) will be necessary to clarify it as a potential candidate for the Ellis-Van Creveld syndrome.
Conserved Bapxl/bagpipe expression domains belween mouse and Drosophila
In Drosophila, the BMP2/4 homologue Dpp is responsible for the maintenance of the homeobox gene tinman in the dorsal mesoderm (Frasch, 1995) . Within the domain of tinman expression, the bagpipe gene is activated, and this activation may be dependent, in part, on Dpp signaling (Azpiazu and Frasch, 1993; Staehling-Hampton et al., 1994) . Within the domain of tinman expression in the dorsal mesoderm, the Wnt gene family homologue, wingless and the sonic hedgehog (shh) family homologue, hedgehog, restrict bagpipe expression through apparent positive (hedgehog) and negative (wingless) signaling to segmental cell clusters (Azpiazu et al., 1996) . In the mouse embryo, Bapxl is expressed in the sclerotome and the mesenchyme surrounding the gut epithelium. Both of these Bapxlexpressing tissues are juxtaposed against tissues that express shh. In the case of the sclerotome, the notochord and subsequently the adjacent floor plate of the neural tube expresses shh, and in the case of the splanchnic mesoderm, expression of shh is seen in the adjacent gut epithelium (Echelard et al., 1993; Roelink et al., 1994) . These two sites of Bapxl expression are consistent with a potential positive Bapxl regulatory pathway mediated by shh. With respect to the sclerotome, these interactions could be analogous to the activation of Pax1 that appears to be mediated through shh signaling (Fan and Tessier-Lavigne, 1994) . Our observation that expression of Bapxl and Pax1 appear virtually at the same time during somite development would favor a mechanism of activation of both genes by shh in parallel, rather than of a hierarchic relationship between Bapxl and Pax1. The expression of Wntl in the mouse embryo is primarily restricted to the dorsal neural tube. In early stage vertebrate embryos, the dorsal neural tube is the most distal axial structure relative to the ventrally located sclerotome. Hence, Wntl expression is located in a region that is consistent with a possible negative Bapxl regulation by Wntl. Whether shh or Wntl are actually involved in regulation of Bapxl remains to be determined.
Myogenic factors of the bHLH family have been shown to play major roles in the determination of skeletal muscle lineages (Weintraub, 1993) . Strikingly, none of these factors is expressed in the progenitors of the visceral musculature, and no other myogenic factors for the various types of smooth muscles have been identified yet. If indeed Bapxl is related both with respect to its expression and function in the splanchnic mesoderm to Drosophila bagpipe, this homeobox gene would be a prime candidate for a myogenic factor that is involved in the determination of visceral muscle lineages.
Materials and methods
'Zoo ' Southern blotting and isolation of murine and human genomic and cDNA clones.
Genomic DNAs were extracted from various sources using proteinase K digestion, as previously described (Lufeither BamHI or HindlII, and approximately equivalent kin et al., 1991). The purified DNAs were digested with genome amounts were loaded for each species, relative to human, where 20 #g was used (e.g. 2/zg of Drosophila DNA was loaded reflecting its ~10-fold lower genome complex° ity). DNA was run on a 1% agarose gel, stained with ethidium bromide, denatured in 0.5 N NaOH and downward blotted to Hybond-N+ (Amersham) according to the specifications of the manufacturer. A PCR-generated fragment corresponding to the bagpipe homeobox was labeled with [32p]dCTP and hybridized at 35°C in a hybridization solution containing: 50% formamide, 0.9 M NaC1, 50 mM NaH2PO 4 (pH 6.5), 2 mM EDTA, 2x Denhardt's solution, 5% dextran sulfate, 1% SDS, 50/~g/ml denatured salmon sperm DNA (normal stringency hybridization is at 42°C). Blots were washed in 2x SSC, 0.1% SDS at 65°C for 4 x 30 rnin and exposed to film. A single Bapxl containing genomic phage was initially isolated during a reduced stringency screen of ~500000 plaques from a mouse 129/Sv genomic library constructed in lambda DashII using a 32p-labeled 0.18 kb genomic PCR fragment corresponding to the homeobox region of the Drosophila bagpipe gene (Azpiazu and Frasch, 1993) . The reduced stringency screen was performed at 35°C as above described. Probes isolated from the genomic phage were used to screen arrayed mouse 129/Sv P1 and mouse ES BAC library filters (Genome Systems, Inc., St. Louis, MO). Hybridization of the arrayed libraries was performed at 65°C in 5x SSC, 2 x Denhardt's, 1% SDS, washes at 65°C in 0.1x SSC, 0.1% SDS. A 0.75 kb PstI genomic fragment, derived from the phage, and spanning the Bapxl homeobox was subeloned and used to screen ~600000 plaques from a Ell.5 cDNA library constructed in lambda GT11 (Clontech).
To isolate the human Bapxl homologue, a human genomic placenta library constructed in EMBL3 SP6/T7 (Clontech) was screened at reduced stringency with the murine homeobox-containing genomic fragment (spanning exon 2 of the Bapxl gene) and a single clone was identified. To determine the nucleotide sequence of the murine and human phage inserts, genomic fragments containing the Bapxl homeobox and flanking regions, and the EcoRI fragment corresponding to the Bapxl cDNA insert, were subcloned into pBSKS+ or pTZ18 and both strands were sequenced using the chain termination method and Sequenase enzyme according to the supplier (US Biochemical). Bapxl/BAPX1 sequence data has been submitted to Genbank: accession numbers U87957 and U89845.
Chromosomal localization in mouse and Northern blot analysis
Ninety-four DNAs from N2 animals of a (C57BL/6J × SPRET/Ei) Ft females x SPRET/Ei males backcross (obtained from the Jackson Laboratory Backcross DNA Panel Map Service, Bar Harbor, Maine; Rowe et al., 1994) were digested with HindIII or XbaI enzyme and run on a 1% agarose gel, stained with ethidium bromide, denatured in 0.5 N NaOH and downward blotted to Hybond-N+ (Amersham) according to the specifications of the manufacturer. The HindIII blots were probed with a 2.0 kb XbaI genomic fragment isolated from the Bapxl genomic phage. This probe detected a 4.8 kb specific SPRET/Ei band and a 10 kb specific C57BL/6J band. The BSS2 panel was also used to map the Msxl gene, which had been shown previously to map to a region close to Bapxl. HindIII digests of the panel were probed with a 5 kb EcoRI fragment purified from a genomic phage containing the Msxl gene isolated in an independent screen (CT and TL, unpublished data) . This probe detected a 3.0 kb specific SPRET/Ei band and a 3.2 kb specific C57BL/6J band. The TgN(Imusd)370Rpw locus was mapped on a XbaI digest of the BSS2 backcross panel using probe C (Schrick et al., 1995) . This probe recognizes 3.0 kb and 1.8 kb C57BL/6J XbaI specific bands, and a 9.5 kb SPRET/Ei XbaI specific band. Results of the analysis have been submitted to the Jackson Laboratory Backcross DNA Panel Map Service which can be viewed over the World Wide Web (WWW) at URLs (http://www.jax.org) or (http://www.j ax.org/resources/documents/cmdata/). The consensus map was based on the Chromosome Committee Reports obtained using the Encyclopedia of the Mouse Genome Release 3, version 1.0A13 (ftp://ftp.informatics.j ax.org/pub/informatics/encyclo/data/3.0/committee.reports/) obtained from The Jackson Laboratory, Bar Harbor, ME.
For Northern analysis, RNAs were extracted from embryos or adult tissues at different stages of development and fractionated in 1.2% agarose-formaldehyde gels as previously described . Blots were probed with a [32p]dCTP labeled fragment corresponding to the 3' untranslated region of the Bapxl cDNA at 68°C overnight in 6× SSC, 5× Denhardt's, 50 mM NaH2PO4 (pH 6.5), 1% SDS, 50/~g/ml denatured salmon sperm DNA. Blots were washed in 2x SSC, 0.5% SDS at 55°C for 30 min with four changes, and exposed to Kodak BMR-1 film for 2 -1 0 days with an intensifying screen.
RNA in situ hybridization
Embryos were collected between E7.5 and E16.5 from (A,B) , longitudinal (C,D), frontal (E,F,I,J), and parasagittal (G,H) planes. Strong Bapxl expression is detectable in the sclerotome, first branchial arch, and gut mesentery. In E12.5 embryos (K-P), Bapxl expression is seen in all cartilaginous condensations of the axial and appendicular skeleton, and the expression in branchial arch derivatives is now restricted to Meckel's cartilage. (K,L,O,P) Transverse sections; (M,N) parasagittal sections. Abbreviations: B, branchial arch; DA, dorsal aorta; FL, fore limb; G, gut; H, heart; HB, hindbrain; HL, hind limb; LB, limb bud; M, Meckel's cartilage; MG, midgut (herniated); NT, neural tube, PV, prevertebrae; S, somite; SC, developing spinal cord; ST, stomach; T, tall; TB, tailbud; TE, telencephalon.
(C57BL/6J x C57BL/6J) matings. The afternoon of the plug date was assigned a gestational age of E0.5. In situ hybridization was performed essentially as previously described . Embryos were fixed in 4% paraformaldehyde overnight, washed in PBS, and for sections, dehydrated through graded ethanols, followed by two Bapxl-specific probes were transcribed from pl140, which When linearized with Pstl (which cuts within the cDNA contains the cDNA insert from Bapxl cloned into pTZ18, fragment), pl140 produces a 0.7 kb transcript that corre- sponds to the 3' untranslated region of Bapxl. We used two different probes lying 3' to the homeobox in the untranslated region, and the results from both probes were identical. Probes for Pax1 (Koseki et al., 1993) , Pax3 (Goulding et al., 1993) , Pax7 (Jostes et al., 1990; Goulding et al., 1993) Col2al (Andrikopoulos et al., 1992) , Gli3 (Hui and Joyner, 1993) , and Dlx5 were prepared and employed as previously described. Following hybridization and washing, the sections were air dried and exposed overnight to film to determine signal strength. Autoradiography was performed by dipping the slides in a 1:3 ratio of H20/ Kodak NBT2 emulsion, air drying and exposing for 3-7 days. This was followed by developing in Kodak D19 and hematoxylin counter staining. Wholemount RNA in situ was performed essentially as described (Henrique et al., 1995) . Following fixation, embryos were dehydrated in graded methanols and stored at -20°C. Before use, embryos were rehydrated stepwise from methanol to PTW (PBS, 0.1% Tween-20) and briefly digested with 10/~g/ml proteinase K. Digoxygenin labeled RNA probes were prepared according to the directions of the manufacturer (Boehringer-Mannheim) and hybridized at 65°C overnight. Following washing in PTW, embryos were incubated in a 1:2000 dilution of AP-anti-DIG antibody (Boehringer-Mannheim) followed by extensive washing and then staining in Purple Precipitating Reagent (Boehringer-Mannheim) at 4-8°C. Stained embryos were photographed as wholemounts, then dehydrated with ethanol, washed with two changes of acetone, and incubated overnight at room temperature in a 1:1 mixture of acetone and araldite (Araldite 502/Polybed 812, Polysciences, Inc.). After evaporation of the acetone, embryos were transferred into a mold with new araldite and incubated for 16 h at 80°C for polymerization. Subsequently, 15/zm sections were cut, mounted in araldite and photographed on a Zeiss Axiophot microscope under Nomarski optics.
